To select an optimal whole-genome amplification (WGA) method to improve the efficiency of the preimplantation genetic diagnosis and screening (PGD/PGS) of betathalassaemia disorders.
| INTRODUCTION
Beta-thalassaemia is the most common anemia disorder and is caused by mutations in the beta-globin gene. 1 In Southeast China, betathalassaemia accounts for most of the monogenic-inherited diseases,
with an average carrier rate as high as 2.54%. 2 Although a prenatal diagnosis of beta-thalassaemia using fetal genetic material provides a method to prevent the birth of a genetically affected child, 3 the invasive amniocentesis or chorionic villus sampling procedure may expose pregnant women to the risk of miscarriage, 4 and the selective termination of pregnancy often causes severe psychological and physiological damage to the patients and their families. Therefore, preimplantation genetic diagnosis (PGD) is a preferred technique that may be used to select embryos that are unaffected by monogenic disease for uterine transfer. 5 Moreover, preimplantation genetic screening (PGS) is considered to significantly improve the pregnancy success rate because a euploid embryo may be selected for the transfer. 6 Currently, PGD/ PGS is utilized in many in vitro fertilization (IVF) centers worldwide.
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A routine PGD/PGS procedure involves an embryo biopsy using oocyte polar bodies, one blastomere cell from a cleavage-stage embryo or 3-5 trophectoderm cells from a blastocyst embryo. 3, 5, 8, 9 Because the genetic material used for diagnosis is highly limited, a strong demand exists for a whole-genome amplification (WGA) method with high uniformity and fidelity. The development of WGA methods and the advancement of next-generation sequencing (NGS) techniques are auspicious for detecting mutated alleles and concomitant screening for aneuploidy. 7, 10 WGA plays a key role in the PGD/PGS process. The following three main categories of WGA methods are currently available: degenerate oligonucleotide primed-polymerase chain reaction (DOP-PCR), 11, 12 the multiple displacement amplification (MDA) method, [13] [14] [15] [16] and very recently, multiple annealing and looping-based amplification cycles (MALBAC). [17] [18] [19] By introducing a quasilinear amplification step, the MALBAC method has been reported to significantly reduce the amplification bias and has the advantages of accurately detecting copy number variations (CNV). 17, 20 In addition, compared to the DOP-PCR and MDA methods, MALBAC has a lower allele dropout (ADO) rate.
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However, MALBAC is reported to have a high false-positive rate in the detection of single-nucleotide variations (SNV) and a bias toward high GC-content regions. 22, 23 Because no WGA method is superior in all aspects, the selection of the optimal WGA method based on its specific applications is critical.
To date, the efficiencies of the various WGA methods in detecting the HBB gene and diagnosing beta-thalassaemia have not been evaluated.
As performed in the PGD/PGS procedure, embryos are often biopsied in the cleavage stage (one blastomere cell) or in the blastocyst stage (3-5 trophectoderm cells). Therefore, in this study we compared the WGA-sequencing efficiencies of the two most commonly used WGA techniques, MDA and MALBAC, using one to five cells. We then compared the key performance parameters, such as the detection of an ADO in the HBB gene mutation and the detection of variations in CNV and amplification success rates. To the best of our knowledge, this comparison has not been performed previously, and the results might increase the understanding and selection of WGA techniques in the contexts of single-gene PGD and chromosomal PGS.
| MATERIALS AND METHODS

| Ethics approval
This study was approved by the Ethics Committee of the Third Affiliated Hospital of Guangzhou Medical University (No. 071). A pregnant woman who was diagnosed with beta-thalassaemia, had a compound heterozygous mutation at codon 17 (CD17) and had the IVSII654 locus in her amniotic fluid sample along with couples who donated discarded poor-quality embryos were recruited from the IVF centre; all provided written informed consent for this study.
| Fibroblast cell preparation
An amniotic fluid fibroblast cell line that had the compound heterozygous beta-thalassaemia mutation at CD17 and the IVSII654 locus was derived for the WGA efficiency comparison. The two heterozygous mutations were diagnosed using a conditional reverse dot-blot probe method (Yanengbio, Shenzhen, Guangdong, China). After thawing the cell line and culturing for 3 days, 11 single-cell fibroblast samples were randomly selected using a mouth pipette under a dissection microscope, and each sample was washed three times with phosphate-buffered sa- 
| Single-blastomere preparation
Twenty-four discarded poor-quality embryos, which were developmentally arrested at the 8-cell stage on day 3, were donated and collected for single-blastomere biopsy. All these embryos were derived from insemination by intracytoplasmic sperm injection. Single blastomeres were biopsied twice from each embryo following procedures used in a previous study, 24 and the individual blastomeres were washed three times with freshly prepared droplets of PBS. Therefore, a total of 48 singleblastomere samples were prepared. The parallel samples were clearly marked, immediately frozen, and stored at −20°C until further use.
| WGA
In this study, the efficiencies of the MALBAC and MDA WGA methods in the diagnosis of beta-thalassaemia disorders were evaluated.
The amplification of the collected fibroblast cells and biopsied blastomeres using the MALBAC method was performed using standard protocols provided by the manufacturer (Yikon Genomics, Shanghai, China). For the comparison, parallel samples were amplified using the MDA method (Qiagen, Hilden, Germany). The amplified DNA products were purified using a High Pure PCR Product Purification Kit (Roche, Mannheim, Germany). The quantity and quality of amplified DNA were determined using a NanoDrop 2000 instrument (ThermoFisher, Wilmington, DE, USA) and gel electrophoresis. The remaining DNA was stored at −20°C until further processing.
| Library construction and aneuploidy screening
Approximately 500 ng of the WGA product, which was amplified using either MALBAC or MDA, was used to prepare the libraries for the low-depth whole-genome sequencing on an Illumina HiSeq 2500 platform (Illumina, Inc., San Diego, CA, USA). The read numbers were counted along the whole genome with a bin size of 1 Mb to calculate copy number states. The chromosomal CNVs were determined using local Perl scripts; unique mapped reads were normalized to the relative read number (RRN) after the GC correction in 1000-kb bins. The CNV visualization was performed using the R programming language.
| Library construction of the HBB allele and SNP sites
In this study, two primers were designed to amplify the target HBB allele mutations (CD17 and IVSII654) using the WGA products. The primers are listed in Supplementary Table 1 . In addition to the allelic detection, 60 pairs of primers were used to amplify the SNPs for linkage analysis using two multiple-PCR systems. All SNPs were located 1 Mb downstream or upstream of the target HBB region. These linkage SNPs may be used to confirm the mutations and to avoid falsenegative or false-positive occurrences. The primers used for individual SNP amplification reactions are available upon request.
After amplification, the PCR products of the HBB allele and the SNP sites were mixed together and fragmented using a Covaris M220 sys- 
| NGS data analysis and validation
After trimming the raw data using Trimmomatic software (version 0.33, Illumina, Inc., San Diego, CA, USA) to remove the adaptors and the low-quality data, the remaining high-quality read sequences were aligned to a human reference genome (Hg19; NCBI Build 37) using BWA software (version 0.7.12, Illumina, Inc.). Samtools (version 1.2, Illumina, Inc.) was used to count the total number of mutations. In this study, the heterozygous mutated allele was identified in more than 10% of the total reads. The HBB allele mutation detected by NGS was validated using Sanger sequencing.
| Statistical analysis
The t-test and the Chi-square test were performed using SPSS software (Version 20.0, Chicago, IL, USA) to assess the concentration of the DNA yield after the WGA and the ADO rates. Significance was set at P<.05.
| RESULTS
| HBB gene mutation validation in cultured fibroblast cells
Genomic DNA derived from the day 3 cultured fibroblast cells was used to validate the HBB variations using the conditional reverse dotblot probe method. 25 Compound heterozygous beta-thalassaemia mutations at CD17 and the IVSII654 locus were identified in the fibroblast cells (Supplementary Figure 1) .
| WGA efficiencies in fibroblast cells and single blastomeres
In this study, in total, 57 fibroblast cells and 48 single-blastomere embryo samples were prepared for WGA (Table 1) . Two WGA methods, MALBAC and MDA, were used to evaluate the efficiency of WGA at the specific HBB gene region and at the whole-genome level. After WGA, all three types (single-, two-, and five-cell) of amplified fibroblast samples showed clear bands after electrophoresis (Figure 1 ), demonstrating the high WGA efficiency of both methods. However, the yield after WGA with the MDA method was significantly higher than the yield after MALBAC amplification (Table 1) .
While evaluating the WGA efficiency using single-blastomere samples, we observed that the amplification of 3 of the 24 MALBAC samples failed, as indicated by their low concentrations and the absence of specific bands after gel electrophoresis (Supplementary Figure 2) . In contrast, all amplified samples showed clear bands using the MDA method.
| Evaluation of the chromosomal CNV status at the whole-genome level
Approximately 1.5 million sequencing reads were obtained from each fibroblast sample. The chromosomal CNV status was analyzed to evaluate the efficiency of the WGA methods at the whole-genome level. After sequencing, read mapping, and alignment, we demonstrated the high efficiencies of the chromosomal CNV detection rates in both the MALBAC and the MDA groups. In the MALBAC group, the chromosomal CNV detection rates were 100% for the single-, two-, and five-cell samples ( Figure 2 ). All two-and five-cell samples were successfully used to detect CNV in the MDA group. However, the two single-cell samples failed in CNV detection ( Figure 2) ; therefore, the total CNV detection rate in the MDA group was 91.67% (Table 1) .
Although the CNV detection rate at the single-cell level using MDA was lower than that in the MALBAC group, the detection rates of these two methods did not differ significantly (Table 1) .
For single-blastomere samples, the successful CNV detection rate was slightly lower than that in the fibroblast samples, with CNV detection rates of 87.50% (21/24) and 79.17% (19/24) in the MALBAC and MDA groups, respectively. The detection rates of these two methods did not differ significantly (Table 1) .
We then analyzed the coefficient of variation (cv) of the CNV in the fibroblast cell samples to evaluate the stability of the detected CNV.
The mean cv of the 33 tested fibroblasts in the MALBAC group was 0.15, whereas in the 22 MDA fibroblast samples, it was 0.37 (t=−3.885, P=.007), indicating that the CNV detection using the MALBAC method was more accurate and reproducible than that using the MDA method.
| The efficiency of amplification of the target HBB gene
To compare the amplification efficiency of the MALBAC and MDA methods at the specific HBB gene region, two allelic sites in the HBB gene, CD17 and IVSII654, were analyzed in this study. All successful CNV-detected fibroblast samples were positive for HBB allele amplification, with a 100% allele detection rate (Supplementary Figure 3) .
In the two samples that failed CNV analysis, HBB allele amplification also failed, which confirmed the WGA failure of these two samples.
Therefore, the total HBB allele amplification rates in the fibroblast samples were 100% (33/33) and 91.67% (22/24) in the MALBAC and MDA groups, respectively.
| Evaluation of ADO in the two identified HBB alleles
The NGS data of each fibroblast sample obtained for HBB allele and In this study, 3 and 9 ADOs in HBB alleles were observed in the MALBAC group and MDA group, respectively. Thus, the total defined allele ADO rate in the MALBAC group (4.55%, 3/66) was significantly lower than that observed in the MDA group (20.45%, 9/44) ( Table 2 ).
In addition, we used Sanger sequencing to validate the CD17 and IVSII654 locus mutations. Although the allele data of most samples were concordant between the Sanger sequencing and the NGS, higher allele ADO rates were detected in the Sanger sequencing data than in the NGS results (data not shown), indicating that NGS has advantages when applied in mutation identification (Supplementary Figure 4) .
| Evaluation of ADO in SNP sites downstream or upstream of the HBB gene
In this study, 28 well-amplified SNP sites were selected to evaluate the amplification efficiencies and ADO rates of the two WGA methods. The information from all 28 SNP sites was validated using genomic DNA derived from a fibroblast cell line. All of the four parallel samples in the MALBAC and MDA groups were analyzed. Therefore, in total, 112 SNP sites were analyzed in each of the three tested celltype groups. Using genomic DNA derived from the fibroblast cell line as a reference, we found that the SNP site amplification efficiencies using the MDA method were significantly superior to those using the MALBAC method. The ADO rate detected using the MALBAC method was lower than that derived using the MDA method (Table 3) . In this study, we found that compared to the single-and two-cell groups, when five cells were used as the starting template, the ADO rates of both methods decreased significantly (Table 3) .
| DISCUSSION
The PGD/PGS of embryos depends on an efficient WGA strategy that provides a reliable and sufficient DNA template from a single-cell sample or a small amount of starting material for the downstream genetic analysis. 6 However, the WGA method may also introduce artifacts and lead to a disproportionate amplification of genomic regions, 26 and different WGA methods may yield different performances and biases when applied in procedures used for different purposes. 21 Therefore, for the amplification of a target genomic region or the diagnosis of a specific disorder with target variations, the selection of an appropriate WGA method is critical to the success and accuracy of the diagnostic approach.
Currently, three commercially available WGA kits exist that are widely applied in PGD/PGS and single-cell genetic analysis, and comparisons of the detection performance variations among the different WGA methods have been conducted. 14, 16, 21, 23, 27 Previous studies focused on the different efficiencies in terms of genome coverage, uniformity, reproducibility, ADOs, and the ability to identify CNVs among these different WGA kits. The different WGA methods have specific advantages in one or several parts of the aforementioned key parameters; however, none performs satisfactorily for all evaluated parameters. 21 Moreover, information regarding the performance efficiencies of the WGA methods when applied to the detection of a specific disorder or targeted genome regions, such as for the diagnosis of beta-thalassaemia disease, is lacking. Therefore, to select the most F I G U R E 2 Chromosomal copy number variation analysis of amplified samples. Chromosomal copy number variation (CNV) analysis was performed in parallel samples that were amplified using either the MALBAC or MDA method. (A, B) CNV was successfully analyzed using fivecell fibroblast samples. (C, D) A normal XY karyotype was identified using two-cell fibroblast samples. (E-H) Normal diploid results were observed in single-cell fibroblast samples. The signal derived from the MALBAC group was smoother than that from the MDA group. (I, J) CNV was analyzed using single blastomeres, which were biopsied from discarded poor-quality embryos. Multiple chromosomal aneuploidy was detected after data analysis, demonstrating many chromosomal abnormalities in those discarded embryos. (K, L) Two single-cell fibroblast samples failed CNV analysis. After sequencing and data mapping, the scatter plot demonstrates the failed CNV results
(A) (B) (B) (C) (D) (E) (F) (G) (H) (I) (J) (K)
appropriate method, an assessment of the efficiencies of the WGA methods as applied to the analysis of specific disorders at the singlecell level is necessary.
MDA and MALBAC are the two most widely used WGA methods. Previously, researchers have indicated that at the whole-genome level, the genome coverage of the MDA method was superior to that of the MALBAC method (84% vs 72%), whereas the ADO rate of the MALBAC method was lower than that of the MDA method (21% vs 33%). 21 In addition, compared to the MDA method, MALBAC was able to significantly reduce the amplification bias. 28 However, comparisons of the efficiencies of these two methods on the HBB target region have not been performed thus far. Therefore, in this study, we provided a comparison of the performance in terms of variation detection in the PGD/PGS of beta-thalassaemia disease (via the HBB gene) using these two methods. The WGA efficiency, CNV detection, HBB gene amplification, HBB gene target variation detection efficiencies, and ADO rates were evaluated at the single-cell level. Because trophectoderm tissue cells are commonly used as the material for embryonic genetic diagnosis, 10,29-31 we also investigated the WGA efficiencies of these two methods using two-and five-cell samples.
Our results demonstrate that the MALBAC and MDA methods have comparable amplification efficiencies at the single-cell level.
Although the DNA yield with MDA was significantly higher than that with MALBAC, the WGA efficiencies of these two methods did not T A B L E 2 ADO rates of the CD17 and IVSII654 alleles using the two WGA methods differ significantly when evaluated at the whole-genome level. When two or five cells were used as a starting template, the WGA efficiencies of both methods increased to 100%, indicating that the reproducibility of these two methods is more stable when more cells are used as the starting amplification material.
In addition, we observed that two samples were unsuccessful for WGA in the MDA single-cell group. Although the two failed WGA samples showed clear bands and detectable DNA concentrations using the MDA method, the sequencing data from these two samples did not map to the human genome reference and failed in the aneuploidy screening.
Our data demonstrated a higher false amplification rate using the MDA method in the WGA procedure. The false amplification results in the MDA group may be attributed to the isothermal amplification conditions, including the use of random hexamers as primers and phi29 DNA polymerase, which may cause a nonspecific amplification. 24 In contrast to a previous study, 32 our data indicated that MDA and MALBAC had similar favorable detection accuracies and efficiencies in CNV detection using single-, two-, and five-cell samples. However, the lower cv in the MALBAC group demonstrated greater uniformity and reproducibility of that method than the MDA method, which further indicated MALBAC as a superior method for CNV analysis. Our results are consistent with the data obtained by Huang et al., 21 who found that MDA creates variations throughout the genome that are not reproducible from cell to cell and cannot be smoothed via normalization, whereas MALBAC yields the most uniform CNV after normalization, along with reproducible results from cell to cell.
To achieve the goal of improving the success rate of PGD for a hereditary single-gene disorder, such as beta-thalassaemia, it is critical for a WGA method to have a high target amplification rate and a low ADO rate, and low false-positive and false-negative detection rates are crucial for the accurate diagnosis of pathogenic SNV. Therefore, in addition to CNV evaluation, we evaluated the ADO rates using two identically compound heterozygous variations and sixty SNPs between these two WGA methods. Although the HBB target region amplification efficiency using MDA was higher than that using MALBAC at the single-and two-cell levels, the amplification efficiencies were no different when five cells were used as a template. The total ADO rates of the two target variations and the SNP markers within 1 Mb downstream or upstream of the HBB gene region in the MALBAC group were lower than those of the MDA group; however, the two WGA methods did not show a significant difference in ADO rates at the single-cell level.
In addition, the ADO rate significantly decreased when five cells were used as the starting material, indicating that trophectoderm cells are highly superior to single blastomeres for PGD/PGS.
In this study, although we evaluated the efficiencies of two WGA methods for the genetic diagnosis of beta-thalassaemia disorders using single-, two-, and multiple-cell fibroblasts samples and using discarded single-blastomere samples, a limitation of this study is that we did not perform the comparison of these two methods using biopsied day 5 or day 3 high scoring and grading blastocysts or singleblastomere samples, and the evaluated locus is also limited. Therefore, a preclinical evaluation of these two methods is further suggested before its application in clinical PGD/PGS procedures.
In summary, for the genetic diagnosis and aneuploidy screening of a target HBB gene variation at the single-cell level, MALBAC is a more suitable method due to its higher levels of uniformity and specificity.
To increase the accuracy and success rate of the PGD/PGS procedures, five or more cells are recommended as the starting template, by which both methods performed with a similar efficiency. 
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